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A study cf autcmatic nonreturn alr valves for use In an
intermittent-Jet engtne MS been made. A test ap~aratue that alnru-
lates the cycle pressure variations in en intermittent-~et engine
was devised and five types of valve were tested in this apparatus
at speeds of 20 end 25 cycles per second. Four valve-spring and
three valve-grill materials were used. Blue spring dmel was the
best valve-spring material tried and alumnum the best grill mate-
rial. Altml.ng the contour of the valve support structure cm grill,
with the result that the valve spring in the normal position wad
arched rather than fitted to the will along its length, imprcved
the life of the valve. The rmul.ts of these te~ts are prellmlnaq
in nature, inasmuch as the speeds of present application era hl@.m
than those of this series of tests and relative In that the effect
of v~uriuusfactors was determined.

i INTRODUCTION

An analysis
intermittent-~et

of the chmnxtertstics of the German robot-bcnub
engine Indicatee the effect of proper valve design

on the aver-all pefiormance of the unit. The German air valve
utilizes a large percentage of the available cross-sectional area
for valve-support structure and requires relatively high pressure
differentials for full opening. The life Is approximately 30 min-
utes under actual operating conditions. Llmitaticm of the free-
fluw area reduces the amount & air charged into the combustlm
chamber during the intake part at’the CSC1O. High presmre dtifer-
entlals between the cambustlon chamber and the free stream cause
excessive puwer losses because & a reversal ti flow in the tail
pipe and low charge-air densities In the combustion chamber. A
life expectancy of 30 minutes Umits the range cd? such amisslle.
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At the request of the Bureau of Aeronautics, Navy Departmentfla
study of autcmatic nonreturn air valves for use In an lntermittent-
~et engfne has been made at the NACA Clevelmd laboratory. !I%e
valve investigations reported herein concentrated primarily on small
cross-sectional support area, low pressure-drop valve springs: and
length of life. Relatively large grills (as ccmpared with the
German-type valve) were chosen because the valve-support structure
would be a smaller percentage of the available cross-sectional area.
Relatively large valves of thicknesses of the order of the Cerman-
type valve can be desl~ad for 1.OWstiffmss In order to reduce the
pressure differentials necessary for full opening of the valve; a
maximum life, consistent with low losses, was scught.

Five types of valve were tested at speeds cf 20
per second. Four valve-spring md three mlve-bnqill
used.

and 25 cycles
materials were

DESCRIPTION OF VALVES

A small cross section of the Cermn-type valve (fl~, 1) was
prepemd in order that the steady-flow pressme dlsopof this valve
could be cmpared with the valves of NAC..4design. No cyclic tests
on this valve were conducted In the series of tests reported hereh.

Tests at 20 cycles per second were conducted on valve 4 (fig. 2),
whtch Is approximately five t3mes as large as the Cerman-type valm.

The mntour sf this valve is an arc of 4~-tich radius. The valve

spring was made of thicknesses of 0.008, O.Ol@, 0.012, and ().CM inch
blue spring steel and was fastened to the grill with the ald of a
support plate, as shown in figxre 2(a). Mmt af the tests We-re‘per..
formed with blue spring steel because this material has ’excellent
spr~ properties and a high endurance limit. The average composi-
tion determined by a metallurgical examination Is @ven in the
following table:

Composition Percent*;e

Nickel 0.10-.0.33
Mo13bdcnum .03- .12
Silicon .15- .3C1
Manganese .72-2.50
c~~l~ .4G- .50
Carbon .80-1.20
Iron Remainder

— . . .- . . --- _ ...- _. - I
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The physical properties cf blue spring steel for varicus thick-
ness~-sre -presentedin the foUcwing table:.-- .-

When

C).008 P1 i
.011 P

.011 T2
,012 P I.012 T

. .

Percentage
elongatIon
(:;2-age

3
7

4
5

------------

\ arallel to dl?~ectionof rolling.
%hmnsverse to dlrectton of rclllng.

samples of blue spring steel were examined under a IIdCrO-

scope, the material showed ‘Mcluslone of forel~ substances arranged
in bands parallel to the direction of lsolllng. ExemInatlcn of valve
failurm lndlcated, in some instances, fine cracks starting at or
running thrrugh an inclusion in the steel.

Tests at 25 cyclee per second were conducted on valves E, C,
D, and E. Valve B (fig. 3) is composed of two valves operating as
a untt, each of whizh is a scale model of valve A. The tmoss-

sectional axea of valve B Is approximately the same as valve A. The
springs f~i valve B were made of blue spri~ steel, low-carbcn shim
steel; spr~ brass, and spring bronze. Flat, curved, and ruhber-
ti~ped suppcrt plates (fi~s. 3(a), 6(b), and 6(c)), re~Pectl~el-Y~
were used in the tests of valve B. Valve C (fig. 4) and valve D
(fig. 5) are the same ttipeas valve B wtth the exception thd the
grill-contour radius was changed to a 4-3nch and 5-inch radius,
respectively. The valve spring was the sme as that
in all cases had a 3-inch radius. Valve E 1s of the
valve B with the exception that the trailing edge of
rounded’off Instead of ccming to a point as in valve
of valves A, B, D, and E are presented in figure 6.

of valve B End

same type as
the grill wae
B. Photographs

Cyclic-test apparatus. - The apparatus designed to test a small
section of a ccmplete val~e assemb~ for an intermittent-@t engine
Is shown in figure 7. A comuerclal nine-cyllnder radial engine was
set up with all of the c~llnders removed exce@ the one containing

. .
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the master rcd and
cyllnder barrel on

piston. This cylinder
which the teet chamber

section was mounted cn the Intake side of

wa8
wa8
the
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then replaced by a
mounted. The valve
chamber and the

exhaust elde was connected to the laboratory altitude exhaust. A
varjable-speed @mmometer eupplled the power to drive the e~i.ne.
The air flew through the valve induced by the altitude exhaust
simulated ram velocity of an engjne in flight. The rapid rise in
pressure.due to combustion was approximated by the pressure rise
reslfltlngfrm the up stroke of the piston. The suction created by
the rush af hot gases mt the tail pipe in an engine was simulated
by the pressure dr.p caused by the down stroke.

Frequency of the cycie was varied by changing the speed of the
dynamometer. Test-chamber pressures were co~trolled by means of
the butterfly valve and the altltude-exhaust pressuree. At a con-
etant cycle frequency, when the butterfly valve was clcsed or the
81??flow induced by the altltude exhaust was reduced by lncreasi~
pressuree dcmnstream of the teet chamber with the aid of the
altltude-exhaust control valve, peak chamber pressures cculd be
increased with only a slight incrsase in zhe minimum preseure. When
the butterfly valve was opened or the mass flow was ticreased ty
iowerlng the downstream pressures, peak and minimum chamber pressures
could be l~wered. In general, the mlnimmm chamber preseure was less
seneitlve tc control than the peak yressure.

Steady-flow apparatus. - Losses In tctal pressure with a steady
air flow vere determined with the ald of the apparatua shown in fl&
‘a-e8. The valve section was fastened to a transltjon piece that
changed fram a rectangular cross section to that of a circular pipe.
This pipe was connected to an orifice and then to the altitude
gzhaust. A static-ring and a total-pressure tuke were pluced suffi-
ciently far downstream to permit the flow pattern to etahillze. A
t~tal.-pressuresurvey was taken in a vertical plane and the less in
total pressure was averaged aver the area of the pipe. Because the
Reynolds number at the total-pressure tube was of the order cf
200,000, the totq.1pressure averaged over the area was assumed tc
be approximately equal to the total.pressure averaged over the mass
flsw. The eritrenceand the frlctlorilcsses in the system were
determined at various mass flows without the valves. Theee values ,
were then dedtictedfrun the gross lCSS determined with the valves.

The St8t~C-~JX”OSSUr~-rh2 and the orlflce re&dinge were used
as a check cn the total-pr~ssure tute survey. The orifice measured
the mase flow smd the density at the test station was determi~ed by
the static preseure. The mean velocity and the velcclty pressure
at the test station wao then computed. From the vel..c~typressure:
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the total-pressure loss avernged over the
time in I& values of lose &loulated by
a~proxlmately 1 percent.
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area was checked. Devlu-
the two methods av.eragod

q~t~ for deber@nl~ natural frequency of the valves. -
The natural f&equency of the valves was detemhed by an electro-
-t c~ete~ witfian audio-oscillator. The spri&-steel valve
was clamped in a vise at the same point at which it 1s fastened in
an actunl test Installation. The electramgnet was brou@t clcIse
to the valve and t~ frequency of tb ~te~t ing current was v~.i ed
by the audio-oscillat~ until the valve was set into sympathetic
vlbratmna. The lowest frequency at which this vibration occurred
Is called the nntural frequency of the valve.

The natural frequency of a valve ~s an lnd~cation of Its stiff-
ness, wh [ch in turn controls the steady-flow pressure loss and the
press~uw djfPerential required to open the valve. The higher the
natural frequency of a valve the stiffer 1t wi11 be; conseqmmtly,
a greater Treasure different?.alis necessery to C~JOnthe valve fully.
The steady-flow totcil-pressureloss till nlso be lurgor 1~ the v!ilve
does not open fully.

Instrumentation for cyclic-test apparatus, - Pressure Fluctu”~-
tions in tha c~ber dmtre~ of the valve were measured by u

——

piezoelectrlc crystal :n-easurepickup and wure recorded as v&tical
defloctiona on m oscilloscope. Ths +1.sssur~.picbIp characterlet~cs
were cwlibratod b~ a balanced-prossursdicphragm p~.ckiL~~J thn~ p3r-

mjtted the determination of the absGhate value of the maximum :reD-
suro in tho uycle. The horizontal sweep on the oscilloscopeW-LS .
Lhta:ned by an ~1~-sweep potentiometer that uns rigidly connected
to turn with the engine sl~ft and maintained a substant~ally linear
rel.~t]onbetween the sweep and the engine crank angle. ThUS, the
relat~cm of -pressureto cr.onkangle and, therefore time (innamuch as

the cycle freqyency”IS known), was determined. An averaged preamure
for the cycle for use in checking the pressure pickup datm and In
resetting test condjtiona was obtained by means of a stat~c-pressure
tap C@ a collector tank.

Valve motion wae obsorved by means of a stroboscope that was
controlled by an electric contactor. The contactor was geared to
the &gine shaft and by shifting the position o? the ccnmmztator

“Im@es, a flash on the stroboscope could be achieved at anY crank
angle desired. In this manner, the relation of valve position with
crank abglo, and therefore t~me, was found. By means of the
pressure-the and valvo-position=lzlmerQcords ths valve movement
was related t’>the pressure fluctuat~ons.

The mean mass flow was measured by an orifice far enough down-
stream frcm the yessure chamber to make the static-pressure
readings fairly constant.

1
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Cycle frequ6ncy was detemined by measuring the rotative speed
of the engine with the aid of a chroncmetiic tacimmeter consisting of a
etandami aircraft electric tachometer and a combination revolution
counter-timer.

Valve falluzzeswere classified as either fraying or P.exlng
failures (iplits). A frqlng fail= Is characterized by small saw-
tooth cuts ~z!ae.rechips of metal have teen broken out at the tip or
trailing edge of the val~-e(fig. 9(a)). A flexing fallcre occurs
back frcm the tip and is charactei-izadby a split In the material
along the line of bending (fig. 9(b)). OccaslonaUy large pieces of
valve material flow out @en fail~”e s+~rted as a flax split. A
valve was considered to have failed when the first signs of fraying
or splittimg were noted. fimosc of the cases, a valve considered
a fmying failure still sealed d might kave conttiued to operate
satisfactorily for some time. In order to establish a uniform
staniierdof testlng~ ‘be time at k%ish initial failure occurred VELS
considered as the criterion of useful life.

Tests at 20 Cycles per Second

All tests at 20 cycles per second were cunducted rm t~e A
valves. When a flat valve approximately 0.005 inch thick ms tested
with a steady flow of air, the valve had a tendency to flutter. By
means of a stroboscope, the valve was obsemed t,otake a curved
shape on reaching the full-open position and to form a Ventuz-isec-
tion. The low pressures In the venturi tended to pull the valve
down. The air stream lifted the valve again and the process repeated
itself, which resulted in fluttering. In order to ellminate this
action, a cticul.arvalve was designed to straighten out into a plane
when fully open Instead of taking a curved shape. The result is
that tho contour of valve A (fig. 2(a)) is an arc of single radius.

Steady-flow losses. - Steady-flow losses are shown in figure 10
for three type A valves of various thicknesses. Valve A Is con-
sidered a “soft” valve {as oppoeed to “stiff’ In des~rlb~ ‘Ae
Geman-t~e vaive) end has a low t.o’&l-pressureloss.

The effect of 6W111 material. - The followlng results were
obtaimd from team m steel,.alundmnu, and bakelite grills In order
to deuuonstratethe effect of grill raterial on valve life:

-— . ...— —.-. .-— -
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Grill materlsJ. Life .
(mIn)

.-— - .-*, ~-- . “ S*eel-” - - ‘ 20 ‘-
Bakelite 53
Aluminum Over 100

Inserts of bakelite and of rubber 1/8 Inch thick were placed in the
trailing edge of the steel grill to prevent fraying. Tedm of
0.012-inch-thickvalves showed a life of 69 minutes without’the .
rubber lnse~ and 79 mtiutes with the Insert. No noticeable increase
in life was noted with the bakelite insert.

The effect of upper-@ate materkl.. - In the course of the
cycll-,~%m found th~~~valves frayed as they htt the
uppsr supFmt plate when opened (fig. 2(a)). Nor this reason, It
Is probable tkt Inserts in the grill did net result In any remark-
able Improvement in valve life. A rubber strip WGS cemented tc the
upper support plate to abe~rb tile2mpact when the valve opened and
increase the valve llfe. Teete with an 0.012-inch-thick valve and
steel @l.Ll resulted +.n56 mtiutes of life with a ste~l suppcrt
plate and in excese of 73 minutes W.th a rubker-coverwi upper stippor~
plate. An fl~in~~ plate was more satisfactory than the steel plat~
hut nGt so guod as the rubter-ccvered @ate. Ur?oultedly, the
crdlr.~ r~bber Ued lrltt.esetests would be uneatlafactory for WG
in ~ actual wLt, but a hi@-t~erature silicon rubber or plastic
might he ueed in Its place,

An attempt was alsc made to abs~rb the impact when the vaive
Opnnea by me~s cf a piece of sFr@ steel bent t. form & SuppOrt-
plate spring, ae shown in fibyro 2(c). The life wae only several
minutes.

The effect of valve thickness. - An aluminum will tested with
a rubber-covered upper plate showed a variation of valve life with
valve thiclmess as fo~owe:

Thickness Valva life
(in.) (Illhl)

0.015 Over 100
.012 Over 100
.010 14
.000 11 -

I
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The effwt cf valve material. - The trafling edge of a Vctiva—.
wae -=eled to a deFth of 3/4 inch, from a Rockwell hardness nf
C-55 tcl&3~, No increase in life was noted. Failure cccurred at
the ~unctlcm cf the annealed and the unannealed section as well as
at the tip. In an attempt to absorb the tipact stlesses with a
ecfter material. a strip ~f low-carbon shim eteel 3/8 inch wide was
Yilver-aclderedto the trail~ edge of the valve to form a dcmkie
tMcknese at the tip. This valve failed after several mhutes,

Tests at higher speeds and press-w-es.- All the for-gcl~
resd%s an valves were cb~a-inedw~th %%ts in which the maximurcWA
the uM_mum cycle press-xes were ~f the mlder of +2 pounds per
square inch gag9. Sreeds In excess of 22 cycles yel’smxmd or
pressures h~~er tlxm +2 po-mds Fer squwe inch gage resultmi mly
in i’apldfailure. Valve A is therefore cmm’de’ed U.nsattsfactory
f(r use m an intermittent-jet engine.

The first tests at 25 cycl~s p~r sec:nd welw conducted x.
valve B. The natural freluency ~f valve B fcr varlms thlchmeaaes
18 ae fellows:

ThicJnv=ms Freqa~cy
(in.) (cyclf3s/t3ec)

:7.ml-l 55
.cm.) 44
,012 :1,

St~ady”-f19w10SEIeS.- Staady-flaw losses fcr valve R are Sli@Wll
!n fi~me M. In th=asq rf the @.@C8-iIiChthickness, thg ILSS l“oi’
vtiv~ 3 1S ahmst twice that cf valve A, whereas ~or th~ 2.i,Il.!i-lrLc:;
~~~ckngss the IOSS for VdVe B is Umost three trees that a:’
valve A. “The losses !n valve B, however, are stili far below t.hasv
~f the ‘firma type and conseql:entQ valve B iu considered a “paft’”
valve. .’ipart zf a ‘lGermantype v,1Lv9grill assqmbly was prepared
ka flt the test sect~on In which valve L was tested (f’]g.1).
Steady-flow 1ZSB98 i’c?rthe Ge~Aw. t~pe VFd.Vb we aLso shown ir.
PI@ure 1(-.).

— ——.- .. --— , .
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. Support plate “ Valve life
(mti)

..— . ,. ..-. . . > . . -.

Flat alumlnum (fig. 3(a))” 12
(hrveddumhum (fig. 6(b)) 31
Rubber-tipped curved aluminum (fig. 6(c)) 67

_- ..

The purpose of the curved support plates was to oauee the valve
to flex and slow down before the tlp struok.

The effeot of valve material. - Various types of valve material———
were tested under s~llar condltione. The results place the mate-
riels In the folluwlng order of tiecroaslnglife: blue sprhg steel,
low-csrbon ehlm steel, spring brass, and spring bronze.

The effect of cycle pressure. - With maximum and minimum pres-.—
suree of approxhnately *2 pounds per equare inoh, the life of a
sprtn&steel valve 0.008 inch thick was 25 minutes. When higher
pressures were tried, hmnedtate vflve faflure occurred. The valves
were sub~ected to fraying along the trailing edge similar tc the
failures noted In valve A. (See fig. 9.) A posslhle expl~tlon
for this rapid failure may be found In the characteristic operation
of this valve. The valve appeared to have a whip-like action In
closlng; that is, the end of the valve ne~ Its point of fastening
would follow the contour of the grfll for approxlluatelyhalf Its
le~tih, at which time there would be s tendency for the rest of the
vd.ve to snap or whip shut.

The effect of altering the will contour. - In order to eliml-
rate this whipping action, the grill contour was first altered as
shown in figure 4 (valve C) and then cut awny once again as shown
ic figure 5 (valve D). These alter:itloneleft the valve unsupported .
by grIIJ work for most of its length in the normal position. The
resulting valve action was noticeably different. The valve no
l~er whipped shut but tended to descend to its seat with a fixed
curvature over most of its length, to hit the grill on the tip, and
thento collapse ad fit the grill almg its length. The tip had
a tendeno~ to hit edgewise rather than flat and slide forward along
the grill mntour as the rest of the valve seated on the grill.
Tests on velves B, C, and D of O.010-inoh thicknsss with pressures
~f 2 or 3 pounds per square Inoh gave the folJ.ow~ results:

Valve
. . . . . .

Life
[m&l) “

!. -

B 25
c 50
D 138

.— — .... ._ . . . . . . .
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The relation of valve-tip position and
engine crankmgle or time for one oycle is
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preepure variation with
shown In figure 11 for— —

valve C as a representative mn-veo The life of this maive was
138 minutes at which t3me the valve failed h flexlng. The pressure
measur-nts were not accurate b~cmee vibrations frcauthe engine
were detected by the p:ezoelectrlc crystal pickup and superimposed
on the pressure record on the osciUoscope. It was therefore neces-
sary to choose an average line fram an oscilloscope trace approxi-
mately 1/4 to 1/2 inch wide.

The valve opened in approximately 45° or 13.005second and
struck the top with a velocity of approximately 18.3 feet per second.
It then rebounded until It was about half-way open, was again picked
up by the air streezn,OpO’Md about three-fourths of the way, end
finally closed with a velocity of 13.3 feet per second. The opening
and the closing striking vel~cltles were considered to be represented
by the aver~e slope of the curve during the opening and the closing
parts of the cycle. For apprmxhuately 0.0044 second after the valve
tip touched.the grill, the valve had not completely closed against
the grill and sealed. SWlarly the valve tended to unseal before
the valve tip at~ted tc oFen.

Valve E was made by rounding off the trailing edge of a grill
of the same type as valve B (fig. 6(d)). The ‘mlve-epring tip now
had to bend before hlttlng the grill and In so doing had the oppcei~
spring force decelerating ite motion prior to hitting the grill.
The tests showed that the valve would not seal completely and,
therefore, were discontinued. Subsequent tests: however, indicated
that It was extremely difficult to deeign a will whereby ~
adequate apr~ fcrce could be used for deceleration without
resulting in a Fermanent deformation of the valve at the point where
the radius of curvature of the grill contour c~ed abruptly.

SUM4ARY (3? RIRULTS

Tests cf five types of nonreturn air valve were conducted in
a cyclic-teat apparatus at speeds of 20 and 25 cycles per second %
determine the effects of various changes in grill contour and grill
and valve material. The followhg results were obtained:

1. The tests m valve A at 20 cycles per second demmctrate
that Of the grill materials tried, aluminum was most satisfactory,
that anneali~ the spring steel was detrimental to the life of the
valve, that there Is a minimum thiclmess for any specified life
mpectancy, and that the life of the valve does not vary linemly
with thlclmess.
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2. The tests on valves B, C, ad D at 25 cycles per aeoond
“indloatethat of the spring.or valve materials tried, blue eprlng

. ......a~st and that eoneideraliLeimprovementt h life ~ be
attained by “elterlngthe grill contour Rra that of a slngl.eradlue
to one in whioh the valve irithe normal position was UOhed over
the sIIJ. (as h valve D). A valve of this type requires pressure
to seal..

3, The results of tests on velve E were inoonoluelve.

Aircraft Engtie Research Laboratory,
NatIonal Advisory Committee for AeronautIos,

Cleveland, Ohio, May 8, 1945.
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(b) Side view.

Tigure 1. - Section of German-type valve used for steady-flow
tests.
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Spring-steel support

I Spring-steel valve
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(c) Spring-steel support plate.

Figure 2. - Sketches of valve A.
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Iuminum support plate

(a) Side view.
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(b) Rear view.

Figure 3. - Sketches of valve 8.
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Support plate

I

I
Valve grill
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Ive, 3“ R

Figure 4. - Sketch of valve C.
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Valve grill
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Figure 5. - Sketch of va Ive t).
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\Curved support plate

(a) Side view of valve A. (b) Side view of valve B.

.,.++ .! .W--!7ssm+,:.,:.p.

Rubber strip

(c) s (d) Side vde view of valve D. ew of valve E.

Figure 6. - Photographs of valves A, B, D, and E.
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(a) Setup of equipment.

Figure 7. - Apparatus used in tests of air valves for intermittent-jet engines.



(b) Close-up of valve test section.

Figure 7. - Continued.
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NACA MR No. E5E08

[a) Failure by fraying at valve
tip or trailing edge.

Flex split

—.

[b) Failure by flexing.

Figure 9. - Typicai valve fai iures.
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